with that obtained on invariance grounds for a classical spinning particle By way of application the rate for the unobserved process e+ is recalculated for a vector meson of arbitrary (constant) magnetic dipole and electric quadrupole moments. With a suitable choice of these two parameters the rate for this process, and for the also unobserved -e conversion in a nuclear field, can be made equal to zero fk UCRL-9889
II. ELECTROMAGNETIC INTERACTIONS OF A CHARGED VECTOR MESON
A. Comparison of the Formulations of the Theory of Spin 1
First-Order Proca Equations
A first-order form of the Proca theory 8 is given by the Lagrangian = U
(a u -a u )+ !(a u -a ut) U electromagnetic four-potential, which yields the field equations
p.
V
The second-order wave equation
is obtained by substituting Eq. (2. 2) into Eq. (2.3). Since a four-vector field must actually possess only three independent components, a subsidiary condition eliminating the unwanted fourth component is needed. This is most easily obtained from Eq. (2.3), UCRL-9889
The second-order wave equation (2.4) then becomes 
U4
.1
• .
-1 1.
1.
-1
• 1. .
• -1 • .
• 1. . .
• . . -1 . . -i .
-i
• . 1 . . These P's satisfy the algebra-defining equation
The first order Proca equations are thus a realization of the Düffin-Kemmer formalism.
Discussion of Second-Order: Field Equations
In a first-order formalism, the subsidiary condition eliminating the timelike vector mesons either is one of the equations of motion or can be derived from them. When the equations of motion are of second order, however, the subsidiary condition must be separately assumed. The secondorder equations obtained by the substitution 3-'r are then generally not Lagrangian giving first-order equations of motion which after a -r, can be iterated so as to yield the consistent second-order equations (2.5) and (2.6).
Stuckelberg Formalism
There is one other dynamical form of the vector meson theory intro- r. , this separatelyimposed subsidiary condition becomes inconsistent with the field equations. We will UCRL-9889 consider here a new first-order formulation of this theory which is internally consistent automatically and turns out to be identical with the Proca theory.
For free mesons consider the Lagrangian
where Z. B, Z, Care independent field variables. On variation of we obtain the equations on making use of the commutation relations
If we set U = Z + m ir B, then Z = U , and Eq. (2.22) becomes
which is identical with Eq. (2.6) in the Proca theory. In addition,.the subsidiary condition Eq. (2.5) in the Proca theory is readily seen to be identical to.Eq., (2.20).
B. Most General Lagrangian for a Charged Vector Meson

Diverence Transformations
The theories we have just considered possess, as we shall see in Section D, a t?normaltt magnetic rnoment, i.e. , their gyromagnetic:ratio g is 1. The Lagrangians we have been using are not unique, however. In the Proca theory the divergence
where ' is a dimensionless constant, may be added to the free field Lagrangian (2. 1). The divergence c'C will not change the field equations derived from the Lagrangian. However, the Lagrangian will have, as field equations in the presence of electromagnetic interaction,
The term proportional to ' in Eq.. (2,25) will correspond to an additional magnetic moment interaction. We see then that there are infinitely many free-particle Lagrangians leading to the free-field equtions but differing in the distribution of charge density. Thus the principle of minimal, electromagnetic interaction does not define a "normal" magnetic moment unless the free-particle Lagrangian is specified. Since, for any choice of 'y, the theory is nonrenormalizable, this criterion too(unlike the spin 1/2 case) is not usable to define a preferred electromagnetic interaction.
Electric Quadrupole MomentT Interaction
Group theoretical considerations allow a particle of spin 1 to possess an electric quadrupole moment in addition to a magnetic dipole moment. We now proceed to show how an electric quadrupole-moment interaction can be added to the first-order Proca Lagrangian. We require that such an interaction be bilinear in the meson field variables U and U , and linear in the electric charge e and the derivatives of the electromagnetic field a . F We define the time-reversed fields (apart from arbitrary phases, which are the same for all terms in the total Lagrangian) by
A 0 (r , t) = -A 0 (r, -t),
T * a 4 =-8 4 ,a =a Applying these definitions to. Eq. (2.26), we have T = = a * e , U U 8 F + ae U U+ a F IiV )
}.IV .LV
X XIV and thus, in complete analogy to the n-decay Hamiltonian, all coupling con-2 stants must be relatively real, and a pure imaginary. Choosing a = i q/4m where q is an arbitrary dimensionless constant, we obtain the electric quadrupole-moment interaction
We have been unable to introduce a term like (2.27) in a M norma llt way by suitable choice of a free-particle Lagrangian without going to derivatives of third or higher order. The quadrupole moment is nevertheless subject to the same degree of ambiguity as the magnetic moment, since, as we shall see in Section D, the "normal' interaction(2.23) already implies a certain amount of quadrupole moment. In the next two sections we investigate more fully the physical content of this theory.
C. Generalized Sakata-Taketani Equation
Elimination of Redundant Components
The Lagrangian (2.28) furnishes the field equations
XX p.v .
1'
A meson field satisfying first-order wave equations is expected to have six, dynamically independent components, corresponding to the three independent field variables and their time derivatives, Equations (229) which can also be written in matrix form: 
bperators and Expectation Values
Since the charge is given by Q = e fd3x + e (qj p 3 ) expectation values°A of operaprs A. must be defined relative to the indefinite charge metric p 3 i. 
Thus, in the non-interacting case, H ' = U HU = p3 E, so that each sign of the charge (energy) can be represented by a three-component wave function.
In the interacting Hamiltonian of Eq. (2 .34) we define "even" operators as those containing p 3 or 1, and "odd" operators as those containing p 2 or p1 . For the nonrelativistic limit we require that H be free of odd This result suggests that, except for the obscure and specifically quantummechanical Darwin term, the nonrelativistic wave equation is actually spinindependent and that its form depends on classical invariance arguments only It is worth noting that a vector particle could have, except for g = 1, a quadrupole-moment interaction proportional to the anomaious momenta g -1, evenif the specific form (227) had not been intr-oduced. Unless there are reasons (unknown) for preferring g = 1 theory, aterm (227) is not to be excluded. As we shall see later, such a q term apparently does not lead to any more divergent a form of electromagnetic interaction than does the ' term itself. :
The factor . 1/4 has been introduced before Q in H 1 in order to make our normalization of the quadrupole moment strength conform to that conventionalized by Ransey.
Consider the meson to have its spin along the UCRL-9889 positive z axis, and also take as a very weak electric field
where k is a small constant. For a meson with spin up LP so that we write where S is the particle spin and m the projection of the spin along the z axis. The charge distribution can be considered as having the shape of an ellipsoid of revolution centered at the origin, and thus 04/5 r R 2 , where = (C 2 -a 2 )/(C 2 + a 2 ), R = (a 2 + C 2 ) is the mean square radius, C is the axis of the ellipsoid in the z direction, and a is the axis perpendicular to the z direction. A positive quadrupole moment corresponds to a cigar-shaped charge distribution, and a negative quadrupole moment corresponds to a pan cake-shaped charge distribution..
For g = 1, q = 0, our result (2.37) reduces to that obtained by Case. 12
E. Classical Spin Equations of Motion
In the preceding section we noted that spinning particles of the same 4 gyromagnetic ratiohave (except for the Darwin term) the same Hamiltonian, at least to order 1/rn 2 , This siggests the possibility of a classical spinindependent descriptiOn of the magnetic-moment precession. Bargmann, Michel, and Telegdi 13 have recently given such a description, using a fourvector s for the spin or magnetic moment. In quantum mechanics the spin has, however, more often been described as part of the angular momentum antisymmetric tensor S . We will here derive covariant classical equations
II.LV
of motion in terms of the more familiar S . While the equti:ns (2.40) we IJ.v -obtain arè'apparently quite. different from the equations (2.42) obtained by Bargmann, Michél, and Telegdi, the two sets of equations are actually the same when s and S are related as they have to be. This ;will show then .LV that covariant spin-precession equations equivalent to those of Bargmann, Michel, and Telegdi can be derived from classical invariance arguments by using the more familiar S formulation for the spin angular momentum.
We wish to generalize to an arbitrary Lorentz frame the equation of spin precession
which holds in a rest frame, by using an antisymmetric tensor S I.1 The tens or S must have only three independent components, which in a rest liv frame are s i , S ? We now show, in particular,. that Eqs. (2,40) and (2.42) both lead to the same coupling (spin-orbit coupling) between spin and momentum in an electric field, and thus to order 1/rn 2 For this purpose we express both equations in threevêctor form and keep terms linear in the velocity v ' , :
From Eq (240) The Feynman diagrams for the process . -e + y are given in Fig. 1 ; the matrix element for the process t -e with emission of a real or virtual photon is given by the expression 14
. .
( 3.1) where Uei u are the electron and muon spinors respectively, and
Here k is the photon momentum, . the.muon mass, and 
e+,y 1xe+v+v
If the e conversion proceeds through 
which for any value of the boson mass leads to a branching ratio' p>10 3
The cutoff independent calculation of N is thus in definite disagreement with experiment. This table shows that y0' is insensitive to both the cutoff A and the square of the ratio of the masses E (as long as E is small). With E = 1/25, then for A = = 0.698 and for A = 2, =0:703. In the expression (3.4) for N, it is evident that we can write where R = 1 0 +1 1 +312 +e (11/6 I+22/3 1 3 +10 14).
The term proportional to E in R will always be small in comparison with the other terms, so that in R we can neglect E. to obtain R = A/2(1-A2)4] {2A2(A4 -A 2 +3) logA2+(1 A2)(2A4+A2+3)} The branching ratio p. thn becories p (3a/8)R2(1 t/t)2
